The non-structural protein 5A (NS5A) is a hepatitis C virus (HCV) protein indispensable for the viral life cycle. Many prior papers have pinpointed several serine residues in the low complexity sequence I region of NS5A responsible for NS5A phosphorylation; however, the functions of specific phosphorylation sites remained obscure. Using phosphoproteomics, we identified three phosphorylation sites (serines 222, 235, and 238) in the NS5A low complexity sequence I region. Reporter virus and replicon assays using phosphorylation-ablated alanine mutants of these sites showed that Ser-235 dominated over Ser-222 and Ser-238 in HCV replication. Immunoblotting using an Ser-235 phosphorylation-specific antibody showed a time-dependent increase in Ser-235 phosphorylation that correlated with the viral replication activity. Ser-235 phosphorylated NS5A co-localized with double-stranded RNA, consistent with its role in HCV replication. Mechanistically, Ser-235 phosphorylation probably promotes the replication complex formation via increasing NS5A interaction with the human homologue of the 33-kDa vesicle-associated membrane protein-associated protein. Casein kinase I␣ (CKI␣) directly phosphorylated Ser-235 in vitro. Inhibition of CKI␣ reduced Ser-235 phosphorylation and the HCV RNA levels in the infected cells. We concluded that NS5A Ser-235 phosphorylated by CKI␣ probably promotes HCV replication via increasing NS5A interaction with the 33-kDa vesicle-associated membrane protein-associated protein.
tural proteins, including NS3/4A protease inhibitors (boceprevir, telaprevir, and simeprevir) and an NS5B RNA-dependent RNA polymerase inhibitor (sofosbuvir) (3) . However, their high costs prohibit their accessibility to most patients (4) . New competitive alternatives are desirable.
NS5A is a multitasking protein required for the HCV life cycle and thus a good antiviral target (5) . It is a phosphoprotein that appears as two bands at 56 and 58 kDa on immunoblots, respectively, referred to as hypophosphorylated (p56) and hyperphosphorylated (p58) NS5A (6) . NS5A interacts with many viral and host proteins and participates in various aspects of the viral life cycle (7) . For example, NS5A was reported to interact with the hVAP-A protein that takes part in the replication protein complex formation (8 -10) . NS5A mutations that disrupted the interaction with hVAP-A strongly reduced HCV RNA replication (8) . A subset of the genotype 1 HCV with mutations that confer replication fitness shows enhanced NS5A interaction with hVAP-A and suppressed NS5A hyperphosphorylation (8) . Thus, NS5A hyperphosphorylation was concluded to reduce genotype 1 HCV replication via reducing NS5A interaction with hVAP-A.
A lot of effort has been devoted to identifying NS5A phosphorylation sites: by mutating potential sites followed by immunoblotting (11) (12) (13) , by overexpressing NS5A in non-liver cells followed by Edman degradation or mass spectrometry (14, 15) , by transfecting the HCV replicon into liver cells followed by mass spectrometry (16 -18) , and by screening kinases that interact with NS5A in the liver cells (19) . Most of the identifications centered around eight highly conserved serine residues in the LCS I region of NS5A. Among them, phosphorylationablated alanine mutation at Ser-229 or Ser-235 resulted in a profound reduction in the HCV genotype 2a activity (13, 19) ; however, the alanine mutations at these two sites seemed to have different effects on the levels of NS5A hyperphosphorylation. Potentially, the above observations are due to the lack of phosphorylation site-specific antibodies that could distinguish the so-called hyperphosphorylated band (p58) of NS5A. Recently, an antibody against Ser-222 phosphorylation was developed (18) , but the functions of Ser-222 phosphorylation remain unclear because alanine mutation at Ser-222 does not have an apparent phenotype (11, 13, 19) . Moreover, whereas alanine mutation at Ser-225, Ser-229, Ser-232, and Ser-235 reduced HCV genotype 2a activity, the same mutations enhanced genotype 1b activity (11) , adding another layer of complexity to the functions of NS5A phosphorylation (7) .
To discover HCV phosphoproteins in the conditions that resemble viral infection, we took advantage of the cell culturederived infectious HCV system (20) and identified three serine phosphorylation sites (Ser-222, Ser-235, and Ser-238) in the LCS I region of NS5A in the HCV (J6/JFH-1)-infected Huh7.5.1 liver cells using LC-MS/MS-based phosphoproteomics. Subsequent study using molecular virology and a phosphorylation site-specific antibody showed that Ser-235 is a CKI␣ phosphorylation site of NS5A responsible for enhancing genotype 2a HCV replication, probably via enhancing interaction with hVAP-A.
Experimental Procedures
Cells, Reagents, and Constructs-Human hepatocarcinoma 7.5.1 cell line (Huh7.5.1) originated in Francis V. Chisari's laboratory in the Scripps Research Institute was used in most experiments (21) . The cells were cultured in DMEM (Invitrogen, catalogue no. 12100-046) with 10% fetal bovine serum (Biological Industries, catalogue no. 040011B) without antibiotics.
A rabbit antibody specific to Ser-235-phosphorylated NS5A was custom-made by GeneTex Corp. using a synthetic peptide (SQLpSAPSLKATC, where pS indicates phosphorylated serine). Antibodies against HCV NS5A (7B5 and 2F6) and NS3 (2E3) were obtained from BioFront Technologies. The doublestranded RNA antibody (J2-1402) was from English and Scientific Consulting Kft., the casein kinase I␣ antibody (sc-6477) was from Santa Cruz Biotechnology, Inc., and the ␤-actin antibody (A5316) was from Sigma-Aldrich. The hVAP-A antibody (15275-1-AP) was from the Proteintech Group. DTT (catalogue no. 3483-12-3) and iodoacetamide (catalogue no. 144-48-9) were obtained from Thermo. Casein kinase inhibitor (D4476, catalogue no. D1944) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (catalogue no. M2003) were obtained from Sigma-Aldrich. The lipid droplet was stained with BODIPY 493/503 (catalogue no. D-3922) from Life Technologies.
The full HCV genome (J6/JFH-1, 5ЈC19Rluc2AUbi) construct and the subgenome replicon (JFH-1/SG-Neo) were kindly provided by Charles M. Rice (Rockefeller University). The replication defect replicon construct (pSGR-JFH-1) was a gift from Timothy Tellinghuisen (Scripps Research Institute). The cytomegalovirus (CMV) promoter-driven NS3-NS5A expression construct was made via PCR amplification of an NS3-NS5A fragment from the full HCV genome (5ЈC19Rluc2AUbi) construct with the following primers: forward, 5Ј-AAGCTTA-TGGCTCCCA-3Ј with a HindIII site at the 5Ј end; reverse, 5Ј-TCTAGATCAGCAGCAC-3Ј containing a stop codon and an XbaI site at the 3Ј end. The NS3-NS5A fragment was first inserted into the pSTBlue-1 vector (Novagen, catalogue no. 70596). The NS3-NS5A fragment was then excised from the vector via HindIII and XbaI double digestion and ligated into the expression vector pcDNA3.1 (ϩ) (Invitrogen, catalogue no. V790-20) . The CMV-driven NS5A expression vectors were made using the Gateway system (Invitrogen). Briefly, the NS5A fragment was amplified with PCR and ligated into the entry vector using the pENTR directional TOPO cloning kits (catalog no. 2400-20). After a sequencing check, the NS5A insert was moved from the entry vector to the destination vector pcDNA-DEST40 (catalog no. 12274-015) using the Gateway LR Clonase II enzyme mix (catalog no. 11791-020). After transformation using the One Shot TOP10 chemically competent cells (catalog no. C4040-52, Invitrogen), the correct vectors were verified with DNA sequencing. Single or combinatory alanine mutations at Ser-222, Ser-235, and Ser-238 were made via site-directed mutagenesis using PCR (KOD hot start polymerase, Merck-Millipore, catalogue no. 71086-4) followed by DpnI (New England Biolabs, catalogue no. R0176L) digestion and transformation into DH5␣ competent cells. All plasmids were verified with DNA sequencing. Casein kinase I␣ small hairpin RNA (shCSNK1A1) plasmid was obtained from the RNAi core facility at the Academia Sinica (Taipei, Taiwan). The target sequence is GCCACAGTTGTGATGGTTGTT. The control non-targeting shRNA sequence is CAAATCA-CAGAATCGTCGTAT.
Phosphoproteomics-The procedures were described previously (22) . Briefly, the Huh7.5.1 cells were infected with HCV (J6/JFH-1) for 72 h before being harvested in a lysis buffer containing 8 M urea, 75 mM NaCl, and 50 mM Tris (pH 8.0). The proteins were reduced with 10 mM DTT, alkylated with 55 mM iodoacetamide, and digested into peptides with trypsin. The tryptic peptides were then desalted using an OASIS HLB column (Waters, catalogue no. WAT094225). To enrich for phosphopeptides, strong cation exchange high performance liquid chromatography (polysulfoethyl A column, 200 ϫ 4.6 mm, 5 m, 200 Å, capacity: 4 mg of peptides, PolyLC) and immobilized metal affinity chromatography (Pierce IMAC spin column) were used. The conditions used for strong cation exchange were 100% solvent A (5 mM KH 2 PO 4 in 25% acetonitrile, pH 2.6), 2 min; 86% solvent A, 14% solvent B (5 mM KH 2 PO 4 and 500 mM KCl in 25% acetonitrile, pH 2.6), 15 min; 30% solvent A, 70% solvent B, 16 min; 100% solvent B, 11 min; 100% solvent A, 11 min. Phosphopeptide identification was performed on an LTQ-Orbitrap mass spectrometer. Spectra were collected in a data-dependent mode with one full precursor MS1 scan in the Orbitrap followed by six-fragment MS2 scans in the LTQ. Collision-induced dissociation was done at 35% normalized energy level. Peptide peak lists were generated with the Bioworks software package (version 3.3.1, SP1 (23)) using the following criteria: precursor mass range between 600 and 3500 atomic mass units, precursor tolerance 1.4 atomic mass units for grouping spectra, a total ion current of Ͼ1000 (arbitrary units)/spectrum, and a minimum of 15 peaks/spectrum. Peptide identifications were done using the Sequest search algorithm against a database containing protein sequences of Homo sapiens (34,942 entries, NCBI RefSeq) and HCV JFH1 isolate (10 entries, Uniprot Q99IB8) plus common protein contaminants: porcine (P00761) and bovine (P00760) trypsin and human keratins (P35908, Q01546, P04264, P12035, P08729, and P35527). The search parameters were as follows: precursor mass tolerance 20 ppm, product mass tolerance 1.0 atomic mass unit, 2 missed cleavages, fixed cysteine carboxyiodomethylation, variable modifications: methionine oxidation plus serine, tyrosine, and threonine phosphorylation. The target-decoy strategy based on reversed protein sequences was used to set a false discovery rate of Ͻ1% for identified peptides (24) . Common contaminants were excluded. Phosphoryl-ation site-specific identification confidence was based on the Ascore algorithm (25) .
Immunoblotting-Cells were washed with ice-cold phosphate-buffered saline (PBS) and resuspended in a lysis buffer (50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 0.2% Nonidet P-40, pH 7.6) containing protease inhibitor (Calbiochem, catalogue no. 539134) and phosphatase inhibitor (Calbiochem, catalogue no. 524625). After centrifugation at 10,000 ϫ g at 4°C, the supernatant was collected and quantified using a BCA assay kit (BIOTOOLS, catalogue no. TAAR-ZBE6). 20 g of total protein were separated on a 7.5% SDS-polyacrylamide gel before being transferred to a nitrocellulose membrane (Bio-Rad, catalogue no. 162-0112). The membrane was blocked with TBS-T (150 mM NaCl, 50 mM Tris plus 0.05% Tween 20 and 0.1% bovine serum albumin (BSA), pH 7.6) and incubated with primary antibodies followed by infrared dye-conjugated secondary antibodies (LI-COR, IRDye 680 or 800). The proteins of interest were quantified using the LI-COR Odyssey scanner and software.
Confocal Immunofluorescence Microscopy-Monolayer cells were seeded at a subconfluent density on a coverglass inside a Petri dish. Before staining, the cells were washed with ice-cold PBS and fixed with 4% paraformaldehyde in PBS for 20 min. The cells were treated with a permeabilization buffer (0.3% Triton X-100 and 0.1% BSA in PBS) for 30 min, followed by a blocking buffer (1% BSA, 0.05% saponin, and 0.2% gelatin) for 10 min three times. The cells were probed with primary antibody and then a fluorescence (Alexa 488, 568, or 594)-labeled secondary antibody (Invitrogen). The cell nuclei were counterstained with DAPI (Sigma-Aldrich, catalogue no. D9542). Immunofluorescence images were taken using a Leica SP5C spectral confocal laser-scanning microscope and software.
In Vitro Transcription and Electroporation of HCV RNA-HCV constructs were linearized with XbaI (New England Biolabs, catalogue no. R0145) digestion before being transcribed into viral RNAs using the Ambion MEGAscript T7 in vitro transcription kit (Invitrogen, catalogue no. AM1334). The viral RNA was purified using phenol/chloroform extraction and isopropyl alcohol precipitation. The quality and quantity of the RNA were assessed by gel electrophoresis and a Thermo NanoDrop spectrophotometer.
Electroporation was performed using the Amaxa 4D-Nucleofector system and the Amaxa SF 4D-Nucleofector X solution kit from Lonza. Briefly, the Huh7.5.1 cells were subcultured 1-2 days before electroporation so that they reached between 80 and 90% confluence on the day of electroporation. Prior to electroporation, the cells were trypsinized, washed in PBS, and suspended in the SF solution at a density of 1 ϫ 10 6 cells/ml. A 100-l aliquot of the cell suspension was mixed with 5 g of the viral RNA and then transferred to a 100-l cuvette for electroporation using the built-in program CM-137. The transfected cells were allowed to recover at room temperature for 10 min and then cultured in the DMEM supplemented with 10% FBS.
Viral RNA Transfection and Luciferase Assay-One day before the experiment, the Huh7.5.1 cells were seeded at a density so that they reached 80% confluence on the next day for transfection. The viral RNA was mixed with DMRIE-C (Invitrogen, catalogue no. 10459-014) at a ratio of 1 g/3 l and used to transfect the Huh7.5.1 cells. At various time points (4, 12, 24, 48 , and 72 h) after transfection, the cells were lysed and subjected to luciferase assay using the luciferase assay kit (Promega, catalogue no. E1500).
In Vitro Kinase Assay-Active casein kinase I␣ was purchased from SignalChem (catalogue no. C64-10G-10). Biotinylated synthetic peptides mapped to amino acids 216 -243 of NS5A (101 peptide, biotin-RRLARGpSPPSEASSSVSQLSAPp-SLRATC; 111 peptide, biotin-RRLARGpSPPSEASSSVSQLpSAPpSLRATC) were synthesized by GeneTex Corp. The active kinase was mixed with the 101 peptide on ice. ATP solution was then added to the mixture and incubated at 30°C for 15 min prior to detection of phosphorylation using dot blotting.
Kinase Inhibition-The Huh7.5.1 cells were infected with HCV virus (J6/JFH-1) for 72 h at a multiplicity of infection of 0.001. The infected cells were then seeded in a 6-well plate at a density of 5 ϫ 10 6 cells/well for 24 h before kinase inhibition with D4476. One l of D4476 was dissolved in 3 l of lipidbased transfection reagent (Mirus Bio, TransIT-LT1, catalogue no. MIR 2304) plus 6 l of serum-free DMEM before being added to the cells. The cells were incubated with the inhibitor for 24 h before immunoblotting. For small hairpin RNA-based kinase silencing, shRNA harboring lentivirus was prepared and used to infect the cells before they were harvested for RNA and protein measurements.
Quantification of HCV RNA-The cells were lysed with the TRIzol LS reagent (Ambion, catalogue no. 10296-010), and the total RNA was isolated with the direct-zol RNA Mini Prep kit (ZYMO Research, catalogue no. R2052). The RNA concentrations were determined by the NanoDrop spectrophotometer. For absolute quantification, 10 ng of RNA were subjected to one-step quantitative analysis using the One-Step qRT-PCR kit (KAPA Biosystems, catalogue no. KK4660) and the StepOnePlus Real-Time PCR system (Applied Biosystem). For relative quantification, 500 ng of RNA were subjected to reverse transcription using SuperScript III reverse transcriptase (Invitrogen, catalogue no. 18080-044) and 2 pM HCV gene-specific primer (5Ј-CACTCGCAAGCACCCTATCA-3Ј). qPCR was done using HCV-specific primers: sense, 5Ј-TCTGCGGAAC-CGGTGAGTA-3Ј; antisense, 5Ј-TCAGGCAGTACCAC-AAGGC-3Ј. Abundance of the 18S rRNA was used as an internal control. The primers were 5Ј-AAACGGCTACCA-CATCCAAG-3Ј (sense) and 5Ј-CCTCCAATGGATCCTCG-TTA-3Ј (antisense).
Results
Phosphoproteomics Identified Three NS5A Phosphorylation Sites-To identify phosphorylation sites of the HCV proteins, we analyzed the phosphoproteome of HCV (genotype 2a, J6/JFH-1)-infected Huh7.5.1 cells. 1,087 proteins with 1,773 phosphorylation sites were identified with high confidence (Ascore Ͼ 20; i.e. FDR Ͻ 0.01) (25) . Fig. 1 classifies the phosphorylation sites identified. Serine phosphorylation sites were the largest group, which was dominated by proline-directed sites, followed by acidophilic sites and then basophilic sites. The Phosphoproteome Database of HCV-infected Human Hepatocellular Carcinoma 7.5.1 Cells was established.
NS5A was the only HCV phosphoprotein identified with three high confidence serine phosphorylation sites (Table 1 , Ser-222, Ser-235, and Ser-238) in the LCS I region and conserved across major HCV strains ( Fig. 2A) . All three sites were identified individually in singly phosphorylated peptides (Table  1) . Ser-235 and Ser-238 were identified in a doubly phosphorylated peptide. Three additional phosphorylation sites identified with lower confidence were Ser-225 (Ascore ϭ 16.8), Ser-229 (8.6), and Ser-232 (5.1). Raw mass spectrometry data were deposited in the ProteomeXchange Consortium with the identifier PXD000988.
Ser-235 Dominated over Ser-222 and Ser-238 in Viral Replication-To investigate roles of Ser-222, Ser-235, and Ser-238 phosphorylation sites, we made single, double, and triple mutations of the three sites to phosphorylation-ablated alanine in a full-length HCV reporter construct (Rluc-J6/JFH-1). Fig.  2B summarizes the reporter activity at various time points after the in vitro transcripts of the viral constructs were transfected into the Huh7.5.1 cells. As seen, the reporter activities of the serine-to-alanine mutants, either at Ser-222 (S222A) or Ser-238 (S238A), did not differ from that of the wild type. In contrast, the reporter activity of the S235A mutant was significantly suppressed, suggesting a crucial role of Ser-235 phosphorylation in the HCV activity. In fact, as long as Ser-235 was mutated in double or triple alanine mutation, the reporter activity remained significantly lower than that of the wild type virus (Fig. 2C) , consistent with a predominant role of Ser-235 phosphorylation over Ser-222 and Ser-238 phosphorylation in the HCV activity. Note that although single mutation in Ser-222 or Ser-238 alone did not have apparent effects on the reporter activity, double S222A/S238A mutation showed significantly reduced reporter activity (Fig. 2C) .
To examine whether Ser-235 phosphorylation participates in HCV replication, a series of single or combinatory alanine mutations of Ser-222, Ser-235, and Ser-238 were made in the HCV replicon (pSG-JFH-1). The HCV replicon lacks the structural proteins and hence cannot produce infectious virus, permitting assessment of viral replication without complications from reinfection. As seen in Fig. 2D , the HCV RNA levels of the S222A and S238A mutant replicons showed a similar trend of increase with time as that of the wild type replicon. In contrast, the S235A mutant replicon failed to increase its RNA levels, which kept decreasing with time as those of the replication defect mutant (Fig. 2D, GND) , indicating a replication defect of the S235A mutant. In fact, all mutant replicons failed to produce RNA once Ser-235 was mutated in double or triple alanine mutation (Fig. 2E) . Note that single mutation in Ser-222 or Ser-238 alone did not have apparent effects on the replicon RNA levels. Double Ser-222/Ser-238 mutation showed reduced replicon RNA levels (Fig. 2E) .
No infectivity was found in the conditioned medium of the Huh7.5.1 cells transfected with the S235A mutant full-length viral RNA (Fig. 2F) , consistent with the lack of viral replication activity of the S235A mutant. Phosphorylation mimetic aspartate S235D mutant viral RNA had about 51% of the reporter NS5A Ser-235 Phosphorylation for HCV Replication activity of the wild type viral RNA (Fig. 2G) , supporting a role of Ser-235 phosphorylation in HCV replication. Ser-235 Phosphorylation Level Correlated with HCV Replication Activity-In order to directly measure NS5A Ser-235 phosphorylation, we generated a specific antibody against Ser-235 phosphorylation. On the dot blots (Fig. 3A) , the antibody detected a synthetic NS5A peptide only when Ser-235 is phosphorylated. It did not detect other peptides regardless of their phosphorylation at Ser-222, Ser-229, Ser-232, or Ser-238. The detection of Ser-235 phosphorylation by the antibody was not interfered with when Ser-222 and Ser-238 were both phosphorylated on the same peptide, after standardizing the signals with the peptide loading in moles. On the immunoblots (Fig. 3B) , the antibody detected a single NS5A band corresponding to the hyperphosphorylated NS5A (p58) band in the HCV (J6/JFH-1)-infected Huh7.5.1 cells. The antibody did not detect phosphor- FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 ylation-ablated S235A or phosphorylation mimetic S235D mutant NS5A (Fig. 3C) . On the confocal immunofluorescence micrographs (Fig. 3D) , about 82% of the antibody staining overlapped with the total NS5A antibody staining in the HCV (J6/ JFH-1)-infected Huh7.5.1 cells, confirming the specificity of the phospho-specific antibody to NS5A Ser-235 phosphorylation.
NS5A Ser-235 Phosphorylation for HCV Replication
Using the Ser-235 phosphorylation-specific antibody, immunoblotting showed that the levels of Ser-235 phosphorylation (Ser(P)-235) increased in a time-dependent manner in the HCV (J6/JFH-1)-infected Huh7.5.1 cells (Fig. 4, A and B) . The ratios of Ser(P)-235 over total NS5A positively and significantly correlated with the wild type reporter virus activity at various time points post-transfection (Fig. 4C) , consistent with a role of Ser-235 phosphorylation in HCV replication. Similar increases in the Ser-235 phosphorylation levels were observed in the Huh7.5.1 cells transfected with the wild type replicon (Fig. 4D) .
In the Huh7.5.1 cells transfected with the wild type or the alanine mutant full-length in vitro transcripts, the levels of the total NS5A abundance and the levels of Ser-235 phosphorylation varied greatly among the wild type and the alanine mutants (Fig. 4E) , probably due to the effects of the mutations on the viral activity. Interestingly, the standardized Ser(P)-235/NS5A ratios showed correlation with the reporter virus activity (Fig. 2,  B and C) . Similarly, in the Huh7.5.1 cells transfected with the wild type or the alanine mutant replicons (Fig. 4F) , the Ser(P)-235/NS5A ratios also showed correlation with the replicon RNA levels (Fig. 2, D and E) .
Note that the alanine mutation per se did not affect the steady state NS5A protein levels in the Huh7.5.1 cells transfected with the wild type and various alanine mutant NS5A expression constructs (Fig. 4, G and H) . Because all of the NS5A expression constructs were driven by the same CMV promoter for protein production, no change in the steady state NS5A protein levels suggests that the alanine mutation did not affect NS5A protein stability or degradation. Similar observations were made in the HEK293T cells transfected with the CMV-driven NS3-NS5A expression constructs (see Fig. 5 ). Thus, the observed changes in the viral replication activity of the various alanine mutants (Fig. 2, D and E) can be attributed to the lack of protein phosphorylation.
Alanine Mutation at Ser-235 Reduced NS5A Hyperphosphorylation with a Concomitant Increase in NS5A Hypophosphorylation-To examine the effects of alanine mutations on NS5A phosphorylation without the interference from the HCV life cycle, single and combinatory alanine mutant constructs were made in the CMV-driven NS3-NS5A expression vectors and used to transfect the HEK293T cells that do not support HCV replication (26) . Without the interference of the HCV life cycle in the HEK293T cells, the NS5A protein was expressed from all NS3-NS5A constructs at a similar level (Fig. 5, top and bottom) . The wild type NS5A showed similar levels of hypo-(p56) and hyperphosphorylation (p58) as those observed in the HCV-infected Huh7.5.1 cells (Fig. 5, bottom) . The percentage of the hyperphosphorylated NS5A (p58) among all (p56 ϩ p58) NS5A was similar (ϳ34%) in the NS3-NS5A-expressing HEK293T and the HCV-infected Huh7.5.1 cells, suggesting that the HEK293T cells are a proper model for examining NS5A phosphorylation.
Alanine mutation at Ser-222 or Ser-238 did not significantly reduce the levels of Ser-235 phosphorylation (Fig. 5, top and  middle) . Alanine mutation at Ser-235 eliminated Ser-235 phosphorylation. The disappearance of Ser-235 phosphorylation was accompanied by a significant reduction in the hyperphosphorylated NS5A (p58) to about 8% and a concomitant increase in the hypophosphorylated NS5A (non-p58) to about 92% (Fig.   5, bottom) . Similar changes were observed in double or triple alanine mutations involving Ser-235.
It is interesting to note that double alanine mutations in Ser-222 and Ser-238 led to a reduced level of Ser-235 phosphorylation (Fig. 5, middle) that correlated with the reduced reporter virus activity and RNA levels (Fig. 2, C and E) . It is also interesting to note that there were additional NS5A protein bands between the hyper-and the hypophosphorylated NS5A bands in S235A single and S235A/S238A double mutant vector-transfected cells (Fig. 5, top) . These additional NS5A protein bands decreased when Ser-222 was also mutated to alanine in S222A/ S235A double and S222A/S235A/S238A triple mutant vectortransfected cells. FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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Ser-235-phosphorylated NS5A Co-localized with Doublestranded RNA-Consistent with a role of Ser-235 phosphorylation in HCV replication, confocal immunofluorescence staining showed co-localization of Ser-235-phosphorylated NS5A with double-stranded RNA and NS3, markers for HCV replication (Fig. 6, A and B) . About 69.8 and 75.7% of the Ser-235-phosphorylated NS5A overlapped with double-stranded RNA and NS3, respectively. About 31.4% of the Ser-235-phosphorylated NS5A showed co-localization with lipid droplets, markers for HCV assembly (Fig. 6C) .
NS5A Ser-235 Phosphorylation Enhanced Its Interaction with hVAP-A-
The hVAP-A protein is a reported component of the HCV replication complex (8 -10) . We used synthetic peptides to test whether Ser-235 phosphorylation enhances its interaction with hVAP-A to facilitate HCV replication. As seen in Fig. 7, A and B , the synthetic peptide with Ser-235 phos- 
NS5A Ser-235 Phosphorylation for HCV Replication
phorylated was able to pull down 49% more hVAP-A than the Ser-235 non-phosphorylated peptide. In line with the enhanced interaction between Ser-235-phosphorylated NS5A and hVAP-A, twice as much (43%) of the S235D NS5A, compared with that (20%) of the S235A NS5A, co-localized with hVAP-A in the HEK293T cells transfected with the CMV-driven NS3-NS5B expression construct (Fig. 7C ), supporting the above hypothesis.
Casein Kinase I␣ Participated in NS5A Ser-235 Phosphorylation and HCV Replication-CKI␣ was known to be responsible for NS5A hyperphosphorylation (27) . In the present study, we found that the CKI␣ protein levels were elevated in the HCV (J6/JFH-1)-infected Huh7.5.1 cells by 58% (Fig. 8A) and that almost all (99.3%) Ser-235-phosphorylated NS5A co-localized with CKI␣ in the infected cells (Fig. 8B) , suggesting a role of CKI␣ in NS5A Ser-235 phosphorylation. An in vitro kinase assay followed by dot blotting analysis showed that CKI␣ directly phosphorylated Ser-235 of the synthetic NS5A-101 peptide that is phosphorylated at Ser-222 and Ser-238 except Ser-235 (Fig. 8C) .
In the HCV (J6/JFH-1)-infected Huh7.5.1 cells, the CKI-selective inhibitor D4476 significantly reduced the levels of Ser-235 phosphorylation in a dose-dependent manner (Fig. 9, A and  B) . CKI inhibition by D4476 also reduced the levels of total NS5A protein (Fig. 9C ) and the HCV RNA levels (Fig. 9D) in the infected cells without significant effects on the cell viability (Fig.  9D) . The above results were not general effects of CKI inhibition on the HCV life cycle, because in the NS3-NS5A-expressing HEK293T cells that do not support the HCV life cycle (Fig.  9, E and F) , D4476 reduced NS5A Ser-235 phosphorylation levels without affecting the total NS5A protein levels. Thus, the reduced HCV RNA and NS5A protein levels in the Huh7.5.1 cells can be attributed to the reduced NS5A Ser-235 phosphorylation levels upon CKI inhibition. Similarly in the HCV (J6/ JFH-1)-infected Huh7.5.1 cells, shRNA-mediated CKI␣ knockdown significantly reduced the levels of Ser-235 phosphorylation, total NS5A and HCV RNA (Fig. 10, A-C) . However, when CKI␣ was knocked down in the Huh7.5.1 cells prior to transfection of the reporter viral RNA, both the wild type and the S235D mutant viral RNA failed to produce significant levels of luciferase activity (Fig. 10D) , suggesting additional roles of CKI␣ next to Ser-235 phosphorylation.
Discussion
The phosphorylation status of NS5A regulates various stages of the HCV life cycle (6) . For medical and virological interests, numerous efforts have been devoted to identifying and studying functions of specific NS5A phosphorylation sites (11-14, 17, 18, 28 -30) . For more than 20 years since its first description by Kaneko et al. in 1994 (31) , genetic mutations that either ablate or mimic phosphorylation have been very instrumental in elucidating the functions of putative NS5A phosphorylation sites; however, direct observations or measurements of NS5A phosphorylation at specific sites have not been done until recently when the Harris group (18) produced the first phospho-specific antibody against Ser-222 phosphorylation and showed that Ser-222 phosphorylation corresponds to NS5A hyperphosphorylation. Recently, there are two major leaps that demonstrated critical roles of Ser-225 phosphorylation in the assembly of an active genome replication complex (32) as well as virion production (19) ; however, the functions of NS5A phosphorylation remain enigmatic and promiscuous (7) . To dissect the functions of NS5A phosphorylation, we employed LC-MS/MSbased phosphoproteomics in the HCV (J6/JFH-1, genotype 2a)-infected Huh7.5.1 cells (33) and identified three high confidence NS5A phosphorylation sites conserved in the LCS I region across major genotypes (Table 1 and Fig. 2A , Ser-222, Ser-235, and Ser-238). Using site-directed mutagenesis, we showed that Ser-235 dominated over Ser-222 and Ser-238 in HCV replication because the viral replicon RNA levels were essentially blunted to the levels of the replication defect replicon once Ser-235 was mutated to alanine (Fig. 2, D and E) .
We generated a high quality phospho-specific antibody against NS5A Ser-235 phosphorylation (Fig. 3A) and showed for the first time that the Ser-235 phosphorylation levels correlated with the viral activity in general (Fig. 4C ) and replication in particular (Fig. 4D) . Ser-235-phosphorylated NS5A corresponded to the hyperphosphorylated band of NS5A (Fig. 3B) . FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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Ser-235-phosphorylated NS5A co-localized with doublestranded RNA and NS3 in the HCV-infected cells (Fig. 6, A and  B) , consistent with a role of NS5A Ser-235 phosphorylation in genotype 2a HCV replication (13, 19) . The importance of Ser-235 phosphorylation in genotype 2a HCV replication is further supported by the phosphorylation mimetic aspartate or glutamate mutation that maintained a similar level of the replication activity as the wild type virus (Fig. 2G) (13, 19) . Mechanistically, we found that Ser-235 phosphorylation probably enhances NS5A interaction with the host replication factor hVAP-A to facilitate HCV replication (Fig. 7, A-C) . Taken together, by combining tools of phosphoproteomics, molecular virology, and immunology, we established a coherent site-specific functional description of NS5A Ser-235 phosphorylation in genotype 2a HCV replication.
Although single mutation at either Ser-222 or Ser-238 did not show significant effects on genotype 2a viral activity (Fig. 2,  B and D) (13, 16, 18 ), double alanine mutations in Ser-222 and Ser-238 reduced HCV replication, whereas Ser-235 remained intact (Fig. 2, C and E) . The reduction in the replication activity was accompanied with the reduction in the Ser-235 phosphorylation levels in the HCV-infected Huh7.5.1 cells (Fig. 4, E and  F) . These results suggest that either Ser-222 or Ser-238 needs to remain intact for a full level of Ser-235 phosphorylation and a complete NS5A function. These results also suggest interdependence among Ser-222, Ser-235, and Ser-238 phosphorylation sites. In this regard, it is interesting to note that Ser-235 and Ser-238 were co-identified on the same phosphopeptide (Table 1) .
One interesting observation was the additional NS5A bands between the hypo-and hyperphosphorylated NS5A bands in the HEK293T cells transfected with the S235A single and S235A/S238A double mutant constructs (Fig. 5) . These additional NS5A bands decreased when Ser-222 was also mutated to alanine in S222A/S235A double and S222A/S235A/S238A triple mutant construct-transfected cells. Perhaps these addi- NS5A Ser-235 Phosphorylation for HCV Replication tional NS5A bands represent phosphorylation at Ser-222 and/or other sites that depend on Ser-222 phosphorylation; however, the functions of these additional NS5A phosphorylation bands remain unknown because alanine mutation at Ser-222 did not seem to affect viral activity (Fig. 2, B and D (13, 16,  19) ). It must be noted that the above observations were made in NS3-NS5A-expressing kidney-derived HEK293T cells, instead of Huh7.5.1 liver cells, due to technical issues in the transfection efficiency and expressing T7 polymerase in the Huh7.5.1 cells to drive NS5A expression. Nevertheless, the NS3-NS5A-expressing HEK293T cells permit NS5A hypo-and hyperphosphorylation at ratios not different from those in the HCV-infected Huh7.5.1 cells (Figs. 4A and 5 ), suggesting that both cells host a similar repertoire of kinases and phosphatases for NS5A phosphorylation.
Many efforts have also been devoted to identifying kinases responsible for NS5A phosphorylation using in vitro kinase assay, library of interference RNA, library of kinase inhibitors, chemical proteomics, and protein-kinase interaction (19, 27, 30, 34 -40) . CKI␣ was reported to be responsible for NS5A hyperphosphorylation and down-regulation of CKI␣-attenuated HCV RNA replication (27) . Recently, CKI␣ was shown to be responsible for NS5A hyperphosphorylation probably at Ser-225 and Ser-232 involved in viral replication and production (19, 32) . CKII was reported to phosphorylate NS5A at Ser-457 at the COOH terminus involved in HCV virion production (30, 34) . In addition, Polo-like kinase 1 (Plk1) was also reported responsible for NS5A hyperphosphorylation (40) . In this study, we showed for the first time that CKI␣ can directly phosphorylate Ser-235 (Fig. 8C) . Ser-235-phosphorylated NS5A co-localizes with CKI␣ in the HCV-infected cells (Fig. 8B) . Moreover, CKI␣ inhibition reduced the Ser-235 phosphorylation and HCV RNA levels in the infected cells (Figs. 9 (A-D) and 10 (A-C)), consistent with a critical role of CKI␣-mediated NS5A Ser-235 phosphorylation in HCV replication. However, NS5A Ser-235 phosphorylation is probably not sufficient to support HCV replication because the phosphorylation mimetic S235D mutant viral RNA could not maintain the reporter activity in the CKI␣ knockdown cells (Fig. 10D) , compared with the apparent reporter activity in the control cells, where CKI␣ is present (Fig. 2G) . The fact that even the wild type viral RNA could not maintain the reporter activity in the CKI␣ knockdown cells (Fig. 2G) suggests that CKI␣ probably has additional roles besides phosphorylating Ser-235. One of the roles could be phosphorylating other serine residues upstream from Ser-235 (e.g. Ser-232, another CKI␣ site important for the HCV life cycle) (39) .
CKI␣ prefers to phosphorylate serine or threonine residue when the upstream Ϫ3 position is phosphorylated (41) . This substrate preference makes CKI␣ particularly interesting in the FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 event of NS5A phosphorylation and signifies the identification of the four NS5A phosphorylation sites (i.e. Ser-229, Ser-232, Ser-235, and Ser-238, separated by two amino acids) ( Fig. 2A) . To completely resolve the NS5A phosphorylation event by CKI␣ requires additional phospho-specific antibodies and phosphopeptides because an aspartate or a glutamate residue at the Ϫ3 position does not fulfill the substrate preference of CKI␣ (39, 41) .
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